R esection followed by external beam radiation therapy and chemotherapy have produced modest advances in overall survival for patients with malignant gliomas. 10 The effectiveness of resection for local tumor control is limited by the extent of eloquent cortex infiltrated by neoplasm and by the presence of transformed glia in the periphery of the tumor mass. As a result, nearly all recurrences arise within centimeters of the original resection cavity.
Paclitaxel is an antineoplastic agent with established cytotoxicity against diverse tumors and clinical efficacy in the treatment of ovarian, breast, and lung cancers. 8 Despite paclitaxel's potent efficacy against glioma cells 7, 29 and promising results following intracranial delivery in a rodent model of malignant glioma, 35 the results of clinical trials of systemically administered paclitaxel for the treatment of brain tumors have been discouraging. 13, 19, 24 This failure was attributed to the inadequate bioavailability of paclitaxel in the CNS at its maximum tolerated systemic dose 13, 15 due to its poor BBB penetration, as well as a doselimiting toxicity when administered intravenously. 12 Radiotherapy is an important treatment adjunct for malignant gliomas. There is a need for optimizing radiotherapy regimens in combination with novel compounds that would result in a synergistic effect. Such a strategy could improve the therapeutic index, achieve effectiveness at lower overall doses, and reduce attendant toxicity to surrounding tissues. Because paclitaxel arrests cells in the G 2 -M phase of the cell cycle 1, 17 through microtubule stabilization, it can function as a putative radiosensitizer. 9, 19 In this study, we demonstrate that not only is paclitaxel effective as a single agent against glioma in the form of a controlled-release polymer, but it also functions as a radiosensitizer for glioma cell lines in vitro. This sensitivity correlates with paclitaxel's effect of G 2 -M cell cycle arrest. More importantly, we report that paclitaxel incorporated into a novel polyphosphoester (PPE): polilactofate microsphere formulation acts synergistically with radiation treatment (XRT) to prolong survival in a rodent model of malignant glioma 20 when it is implanted as a pretreatment prior to the XRT regimen.
Methods

Cell Lines
Human (U373) and rat (9L) glioma cells were maintained in minimal essential medium (Invitrogen) supplemented with 10% fetal bovine serum, L-glutamine, penicillin, and streptomycin at 37°C in a 5% CO 2 environment. Cells were passaged every 3-4 days. All chemicals were obtained from Sigma-Aldrich unless otherwise stated.
Flow Cytometry
Flow cytometry was performed on asynchronous U373 and 9L glioma cells. Cells were plated in 100 mm plates, and incubated for 24 hours. Cells were then treated either with paclitaxel (Taxol) dissolved in 0.01% dimethyl sulfoxide (DMSO) or with an equal volume of 0.01% DMSO as control treatment. Cells were incubated with paclitaxel for 6-36 hours, harvested, and fixed in 70% ethanol at 4°C. After addition of DNase-free RNase A and propidium iodide, flow cytometry (FACScan; Becton, Dickinson) was used to measure the DNA content per cell. Cell cycle distribution was quantified using CellQuest software (Becton, Dickinson) to determine the fraction of cells in the G 1 , G 2 -M, and S phases.
Cytotoxicity Assay
We characterized tumor cell survival and proliferation using the clonogenic assay.
7 U373 and 9L cells were plated in monolayer, incubated for 24 hours, and either treated with various concentrations of paclitaxel or exposed to a single fraction of XRT at different doses (Gammacell 40 irradiator; Best Theratronics). Five days posttreatment, colony formation was assessed as a marker for cell survival and proliferation. This was used to establish separate paclitaxel and XRT dose-response curves for glioma cell viability.
Next, the interaction between paclitaxel and XRT was examined to elucidate the effect of treatment order and identify potential synergistic or additive effects. Cells were plated as above, incubated for 24 hours, and given an initial treatment of paclitaxel (U373, 1 nM; 9L, 50 nM) or XRT (1 Gy). In the paclitaxel pretreatment group (P/ XRT), cells were irradiated with a 1-Gy dose of XRT at a specific time point 6-36 hours after paclitaxel exposure. In the radiation pretreatment group (XRT/P), the treatment order was reversed such that 6-36 hours after radiation pretreatment, cells were treated with paclitaxel. Colony formation was determined 5 days after pretreatment.
Polymer Preparation
Paclitaxel and PPE microspheres were generous gifts from Guilford Pharmaceuticals. Paclitaxel was incorporated into a biodegradable PPE polymer in the form of microspheres at 10% (w/w) loading as previously described. 20 The paclitaxel microspheres were then combined with polyethylene glycol-1000 at a 1:1 ratio (w/w). After thorough mixing, 10-mg aliquots of the suspension were pressed into 4 × 1 mm discs for intracranial implantation. To make the control implants, an analogous procedure was followed while omitting paclitaxel. In a previous publication we showed that an almost-constant release of paclitaxel was measured for 90 days in solution. 20 In vivo biodistribution of these microspheres showed intact paclitaxel 5-7 mm from the implant site 30 days after implantation, with histological changes, including apoptotic cells, evident in brains 12 weeks after microsphere implantation. 20 
Intracranial Efficacy Study
Under a protocol approved by the Johns Hopkins University Institutional Animal Care and Use Committee, 65 female Fischer 344 rats (Charles River) weighing 150-175 g were obtained and housed in standard animal facilities. On Day 0, all animals were anesthetized with an intraperitoneal injection (3 ml/kg) of a solution of ketamine (25 mg/ml), xylazine (2.5 mg/ml), and 14.25% ethanol in normal saline. The animals underwent direct surgical implantation of a 1-mm 3 fragment obtained from a solid 9L gliosarcoma that had been propagated in a rat flank. 20 The animals were then divided into 5 experimental groups (n = 13 each): 1) treatment with blank microspheres (control); 2) paclitaxel-only; 3) XRT-only; 4) XRT followed by paclitaxel (XRT/P); and 5) paclitaxel followed by XRT (P/ XRT) groups.
On Day 5, the animals were re-anesthetized. The control group underwent implantation of blank microsphere discs and received no further treatment. The pacli-taxel-only and P/XRT groups underwent surgical implantation of paclitaxel microspheres next to the tumor. The remaining animals-those in the XRT-only and XRT/P groups-underwent a 20-Gy external beam single-dose radiation treatment delivered by a 137 Cs laboratory irradiator (Mark I Irradiator, Model 68; J. L. Shepard). The animals undergoing radiotherapy were anesthetized, restrained at a fixed distance from the radiation source, and shielded with a square primary collimator (7 × 7 cm) and a circular secondary collimator (1 cm diameter) that were centered over the tumor implantation bur hole.
On Day 10, the order of treatment for the P/XRT and XRT/P groups was reversed such that the animals in the P/XRT group underwent XRT as above, and the XRT/P animals underwent surgical implantation of paclitaxel microspheres. The animals were observed for signs of neurological or systemic toxicity, and their survival was recorded.
Statistical Analysis
Survival was plotted on a Kaplan-Meier survival curve. Results were then analyzed for statistical significance using a nonparametric Kruskal-Wallis analysis of variance test and individual groups were compared by the Mann-Whitney rank-sum test.
Results
Flow Cytometry
Flow cytometry revealed a dose-and time-dependent alteration in the cell cycle phase distribution of glioma cells ( Fig. 1A and B). Treatment with high-dose paclitaxel for as little as 6-12 hours resulted in arrest of cells in the G 2 -M phase (41% increase compared with control for U373; 79% relative increase for 9L) ( Fig. 1C and D) . In the 9L cell line, G 2 -M arrest became evident after longer paclitaxel exposures than for the U373 cell line. Longer duration of paclitaxel exposure in U373 cells resulted in a gradual increase in the number of aneuploid and hypodiploid (sub-G 1 ) cells and deterioration of the DNA histogram ( Fig. 1A and B) . The sub-G 1 population in the U373 line was observed after 6-hour exposure to low-dose paclitaxel. There was a marked increase in this population at 24 hours for both U373 and 9L cells (Fig. 1C and D) .
In Vitro Efficacy of Paclitaxel and XRT
We employed a clonogenic assay to measure the global effect of radiation and paclitaxel on cellular viability. U373 and 9L cell lines were sensitive to paclitaxel and XRT. The 9L cells exhibited greater resistance to both treatments (Fig. 2 ). Paclitaxel's IC 50 (half maximal inhibitory concentration) was 37-fold greater for 9L than for U373 cells (IC 50 : 1.2 nM for U373, 44.6 nM for 9L) ( Fig. 2A and B) . The LD 50 (median lethal dose) following single-fraction XRT was 2.7 Gy for U373 and 4.3 Gy for 9L cells (Fig. 2C) .
When U373 and 9L cells were treated with a combination of paclitaxel and XRT, there was significance in the order of treatment; an additive relationship was seen when XRT preceded paclitaxel exposure, whereas a synergistic effect was seen when paclitaxel exposure preceded XRT (Fig. 3) . For instance, at the 24-hours time point, paclitaxel plus XRT had additive efficacy because this combination produced further reduction in colony formation than either treatment alone (U373: 9.2% decrease for XRT/P 24-hours group vs XRT or paclitaxel [p < 0.001, Mann-Whitney rank-sum test]; 9L: 27.4% decrease for XRT/P 24-hours group vs XRT (p < 0.001), or 45.8% decrease vs paclitaxel (p < 0.001)] (Fig. 3) . However, synergistic interaction between paclitaxel and XRT was observed at the 24-hours time point, when paclitaxel was administered before XRT (U373: 72.3% decrease for P/XRT 24-hours group vs paclitaxel or XRT (p < 0.001); 9L: 59.7% decrease for P/XRT 24-hours group vs paclitaxel (p < 0.001), or 69.9% decrease vs XRT [p < 0.001]) (Fig. 3) . Moreover, the difference in colony formation between the P/XRT and XRT/P groups was statistically significant (U373: 17.5% vs 59.1% [p < 0.001]; 9L: 25.5% vs 44.8% [p < 0.001]). Similar results were obtained for the 36-hours time point, but not for 6-hour exposure, indicating that cell accumulation in G 2 -M is necessary in order for the radiosensitizing effect of paclitaxel to occur (Fig. 3) .
Intracranial Efficacy Study
In rats bearing intracranial 9L gliosarcoma, individual treatments of 20-Gy single-fraction XRT or intracranially implanted paclitaxel microspheres significantly extended survival (median survival 13 days for control group, 21 days for paclitaxel-only or XRT-only groups, p < 0.0001) (Fig. 4) . In animals receiving combination treatment, both administration of XRT before implantation of paclitaxel microspheres (XRT/P group) and pretreatment with paclitaxel prior to XRT (P/XRT group) extended survival compared with control or either treatment alone (median survival 45 days for the XRT/P group and > 150 days for P/XRT group [p < 0.0001 vs control, p < 0.033 vs paclitaxel only, or p < 0.0001 vs XRT only]). Comparison of the dual-treatment protocols, however, revealed a synergistic improvement in survival when paclitaxel microspheres were implanted prior to XRT (median survival > 150 days for P/XRT vs 45 days for XRT/P, p < 0.036)]. In long-term survivors, there were no adverse events in relation to weight gain, grooming behavior, or motor deficits.
Discussion
Innovative chemoradiotherapy modalities are clearly needed to improve local disease control and overall survival in patients suffering from malignant gliomas. The clinical utility of these regimens has been hindered by the BBB's low permeability to most chemotherapeutic agents. Often the onset of dose-limiting systemic toxicity occurs and treatment must be halted before effective therapeutic dosing can be reached. The development and application of carmustine-loaded polymers have validated the safety and efficacy of local chemotherapy against malignant gliomas in experimental models 3, 5, 30, 35 and clinical trials. 4, 32, 37 Controlled-release polymers have demonstrated improved patient survival and quality of life 4,32,37 and due to advances in research in this field, the prognosis of malignant glioma has become far more promising. The median survival of patients with malignant gliomas has increased from less than 9 months to 21 months. 23 Carmustine (BCNU, Gliadel), a controlled-release polymer formulation, was the first chemotherapeutic agent approved by the FDA for the treatment of malignant glioma in 2002, as the first drug to be approved for this indication in 23 years. 26 Significant drug delivery advantages exist when controlled-release, biodegradable polymers are implanted, including zero-order release kinetics and polymer degradation. This eliminates the need for surgical removal posttreatment and allows for a safe distribution of the drug to the site of the tumor without reaching dose-limiting toxicity. 26 Aside from carmustine, other pharmaceutical agents, including paclitaxel, have also been experimentally incorporated into controlled-release polymers and used in preclinical models of efficacy. 20, 30, 35 In vivo application of convection-enhanced delivery of paclitaxel has been shown to be effective in prolonging survival in animal models, 33 and convection-enhanced delivery of paclitaxel to patients with gliomas has been promising, with a 73% patient response rate in a clinical study of 15 patients. 22 However, there remains a need for optimization of delivery both for increased efficacy and for reduced toxicity.
22
In vivo tumor growth inhibition has been shown using liquid crystalline cubic phases, discs, and microparticles to carry paclitaxel to the tumor mass. 25, 34 Progress in mediated release of paclitaxel was demonstrated in laser- < 2N (D) . The percentage of cells in the specified phases of the cell cycle was plotted as a function of time. The experiments were done a minimum of 3 times and standard errors of the mean (SEMs) were below 10%. regulated paclitaxel nanospheres in animal models. 40 Thermal gel depots (Oncogel) have also been shown to be effective modes of local delivery and treatment in animal models of both brain tumors 30 and metastatic tumor in spinal models. 31 Radiotherapy is a main treatment adjunct in the management of malignant gliomas. In response to ionizing irradiation, cells display characteristic variation in survival as a function of cell cycle phase, with the G 2 -M phase exhibiting the greatest sensitivity and the S and late G 1 phases showing maximum resistance to radiation. 38 Paclitaxel exerts its pleiotropic antineoplastic effects by binding to microtubules and interfering with their dynamic instability and thereby inducing arrested mitosis, disrupting the function of the microtubule cytoskeleton, and modulating the activity of apoptosis-regulating proteins. 1 Because paclitaxel induces cytokinetic promotion of cells into the G 2 -M phase of the cell cycle, it is an attractive candidate as a radiosensitizer. 29 In this study, we confirmed a timeand concentration-dependent increase in the distribution of malignant glioma cells in the G 2 -M phase of the cell cycle. With continued paclitaxel exposure, there was evidence of aberrant DNA histogram changes indicative of nuclear fragmentation and cell death (Fig. 1) . Our results illustrate that paclitaxel exerts potent activity against human and rat malignant glioma cell lines in the nanomolar concentration range, and confirm our previous observation that human glioma cell lines are more sensitive to paclitaxel than rodent cell lines. 7 Accumulation of glioma cells in the G 2 -M phase corresponded with increasing radiosensitivity. This was demonstrated by a synergistic reduction in colony formation when paclitaxel preceded radiation exposure, as opposed to when the cells were exposed to either agent alone or to radiation followed by paclitaxel. The radiosensitizing effect persisted for 6-36 hours after exposure in vitro.
Combined-modality protocols using paclitaxel and radiotherapy have been successful against various solid tumors. 8 With malignant glioma, however, the results have been less promising, and positive results have been observed less often. This problem is due to paclitaxel's poor BBB penetration. 13, 15, 19 After systemic administration, paclitaxel is bound tightly to plasma albumin, 18 and its accumulation in the CNS is hampered by the activity of multidrug resistance protein P-glycoprotein, 28 which is highly expressed in the luminal surface of brain capillaries 27 and tumor cells, including 9L and U373. 21, 39 Local delivery of paclitaxel as a radiosensitizing agent shows more promise. Administration of paclitaxel-loaded lipid nanocapsules through convection-enhanced delivery has shown efficacy in conjunction with radiotherapy in an animal model. 33 However, there remains much to be explored in terms of administration, optimization, and the overall effects that local delivery of paclitaxel can have with respect to radiosensitization.
We have demonstrated the safety and efficacy of a biodegradable paclitaxel microsphere preparation for local CNS chemotherapy. 20 Paclitaxel release from this formulation, at a 5-10 nM range, is detectable 5-7 mm from the implantation site 30 days after implantation, with histological evidence of paclitaxel's activity persisting for more than 120 days. The concentrations of paclitaxel achievable in vivo correspond favorably with the paclitaxel concentrations necessary to achieve radiosensitivity in vitro. We therefore hypothesized that the microsphere formulation may overcome paclitaxel's limitations as a systemically administered radiation sensitizer and tested it in an animal model of glioma.
Our results with 9L gliosarcoma indicate that while both XRT and paclitaxel improved animal survival when used as single agents, there was a significant benefit to the use of combined paclitaxel and XRT modalities (Fig.  4) . Median survival in the paclitaxel-only and XRT-only groups was increased by 62% compared with control animals (21 days vs 13 days). When XRT was administered prior to paclitaxel, the median survival was more than doubled in relation to either monotherapy (45 days vs 21 days), and 3 animals survived to the end of the study. In contrast, when paclitaxel was used as pretreatment for XRT, median survival was never reached (> 150 days) and 8 of 13 animals survived to the end of the study. Also, the synergistic survival benefit due to paclitaxel pretreatment before XRT was clinically and statistically significant in relation to the additive effect observed with the use of XRT prior to paclitaxel (> 150 days vs 45 days). It is encouraging that the synergy between paclitaxel and XRT becomes evident when paclitaxel is administered as pretreatment for XRT, since this paradigm resembles the clinical scenario for chemoradiotherapy regimens. Specifically, our animal models used high-dose single-fraction radiotherapy, indicating that paclitaxel microspheres might be optimally used in the clinical setting as a radiosensitizer preceding single-fraction radiosurgery or other hypofractionated radiotherapy modalities.
Conclusions
We have demonstrated that paclitaxel can arrest human and rodent glioma cell lines at G 2 -M, rendering these cell lines more sensitive to ionizing radiation as measured by clonogenic assay. Using a novel biodegradable microsphere formulation of paclitaxel, we extend these observations to the preclinical 9L gliosarcoma model and demonstrate that pretreatment with locally delivered paclitaxel microspheres prior to XRT synergistically improves survival. Our findings support the continued development of Fig. 3 . Synergistic effect of paclitaxel and XRT against malignant glioma cell lines. U373 (upper) and 9L (lower) cells were plated in monolayer and treated with paclitaxel (U373, 1 nM; 9L, 50 nM) or radiation (1 Gy). After the specified period of time (6, 24, 36 hours), cells originally exposed to paclitaxel were irradiated (P/XRT) and cells initially treated with radiation were exposed to paclitaxel (XRT/P). Colony formation was assessed on Day 5 for each group and plotted relative to control (mean ± SEM). The results represent a minimum of 2 independent experiments. * Statistically significant reduction in survival in P/XRT group compared to XRT/P group. novel paclitaxel formulations for use against malignant brain tumors. Future directions for advancing paclitaxel chemoradiotherapy in the treatment of malignant gliomas include using genetically engineered models of glioma, improving drug delivery kinetics, and optimizing radiotherapy regimens. , control animals underwent implantation of blank polymer in the tumor bed, while the paclitaxel-only and paclitaxel followed by XRT (P/XRT) groups received an intracranial implant of paclitaxel polymer; the XRT-only and XRT followed by paclitaxel (XRT/P) groups underwent 20-Gy single-fraction XRT. On Day 10, the order of treatments for the combination treatment groups was reversed such that the P/XRT group underwent XRT while the XRT/P group received an intracranial implant of paclitaxel polymer. Animal survival was assessed for 150 days.
